The puc operon of Rhodobacter sphaeroides comprises the pucBA structural genes which encode B800-850 light-harvesting ,I and a polypeptides, respectively. Northern (RNA) blot hybridization analysis of puc operon expression has identified two pucBA-specific transcripts. The small (0.5-kilobase [kb]) transcript encodes the 0i and a polypeptides and, under photoheterotrophic growth conditions, was approximately 200-fold more abundant than the large (2.3-kb) transcript. The 5' end of the 0.5-kb transcript was mapped at 117 nucleotides upstream from the start ofpucB. The 3' ends of the 0.5-kb transcript were mapped to two adjacent nucleotides, which follow a stem-loop structure immediately 3' to the pucA stop codon. Two mutant strains, PUC705-BA and PUC-Pv, were constructed by replacement of the pucBA genes and adjacent DNA in the former case or by insertional interruption of the DNA downstream of the pucBA genes in the latter case. The two mutant strains were devoid of B800-850 complexes during photosynthetic growth but were otherwise apparently normal. The B800-850-phenotype of both PUC705-BA and PUC-Pv was not complemented in trans with a 2.5-kb PstI restriction endonuclease fragment extending from 0.75 kb upstream of pucBA to 1.3 kb downstream of pucBA, despite the presence of the 0.5-kb pucBA-specific transcript. Both of the mutant strains, however, showed restoration of B800-850 expression with a 10.5-kb EcoRI restriction endonuclease fragment in trans encompassing the 2.5-kb PstI fragment. Western immunoblot analysis revealed no B800-850-I polypeptide as well as no polypeptide designated 15A in either mutant. Nonetheless, under photoheterotrophic growth conditions, the 0.5-kb pucBA-specific transcript was present in PUC-Pv, although no 2.3-kb transcript was detectable. We suggest that the DNA region immediately downstream of pucBA encodes a gene product(s) essential for translational or posttranslational expression of the B800-850 0i and a polypeptides.
The purple nonsulfur photosynthetic bacterium Rhodo- bacter sphaeroides is an ideal system for the study of bacterial photosynthesis as well as membrane development (22) . In response to lower partial pressures of oxygen, this bacterium can form the unique photosynthetic membrane system referred to as the intracytoplasmic membrane (ICM), in addition to the normal gram-negative membrane system found during aerobic growth (4, 17) . The three major bacteriochlorophyll (Bchl)-protein complexes found in the ICM are the light-harvesting complexes B800-850 (LHII) and B875 (LHI) and the reaction center (RC) complex. The LH complexes capture and funnel photons as excitation energy for the photo-induced reversible oxidation-reduction of the RC, ultimately giving rise to chemical energy (32) . The fixed photosynthetic unit is composed of B875 and RC complexes (1, 5) encoded by the puf (42) and puh (11) operons. The ratio of B875 to RC complexes is fixed at approximately 12:1 to 15:1 irrespective of the incident light intensity. On the other hand, B800-850 complex formation is variable with respect to the RC and is inversely regulated with respect to the incident light and together with the fixed photosynthetic unit is referred to as the variable photosynthetic unit (12, 18, 19) .
The minimal structure comprising the B800-850 spectral complex consists of two each of two small hydrophobic polypeptides, the B800-850-, and -a polypeptides (5,448 and 5,599 daltons [Da] , respectively [38] ), six molecules of Bchl, and three molecules of carotenoid (22) . The purified B800-850 complex in R. sphaeroides was found (23) not to be associated with a third polypeptide as observed for the purified B800-850 complex from Rhodobacter capsulatus (15) . However, the polypeptide designated 15A, purified from the ICM of R. sphaeroides (6, 7) , is always absent in B800-850-strains of R. sphaeroides. In an earlier report, we described the cloning, DNA sequencing, and characterization of the DNA region which is known to be regulated by 02
and light encoding the B800-850-4 and -at polypeptides from R. sphaeroides 2.4.1 (21) .
In an effort to understand the physiological controls governing pilc operon expression in R. sphaeroides, we have analyzed pUc operon-specific transcription and we have found a second, 2.3-kilobase (kb) piucBA-specific transcript as well as the 0.5-kb transcript observed previously (21) . The 5' and 3' termini of the previously described 0.5-kb pucBAspecific transcript were also determined in light of our understanding of the transcriptional expression of this operon. Furthermore, the use of mutant strains of R. sphaeroides unable to express the B800-850 phenotype revealed the existence of downstream coding sequences essential for the posttranscriptional and translational expression of the 0.5-kb pucBA-specific transcript. Together, the genetic and transcriptional results establish the existence of gene products essential to expression of the structural gene transcript for the B800-850 spectral complex of R. sphaeroides. pBS/HincII, 0.47-kb Hinfl-XmaIIIb (+) This study pUI621 pBS/HincII, 0.36-kb BstNI (-) This study pUI622 pBS/PstI, BamHI, 0.06-kb PstI-BamHI (+) This study pUI623 pBSIHincII, 0.47-kb BamHI-XmaIII (-) This study pUI624 pBSIHincII, 0.53-kb XmaIII (-) This study pUI626 pBSIBamHI, HincII, 0.12-kb BamHI-SmaI (-) This study pUI627 pBS/HincII, 0.09-kb SmaI-PvuII (-) (24) . Ampicillin and tetracycline (final concentrations, 50 and 20 ,ug/ml, respectively) were added to the growth medium for E. coli strains carrying plasmids encoding these resistance genes. Plasmids pUC18, pUC19, and pBS (9) were used for cloning, and bacteriophage M13mp19 (40) was used to prepare the template for dideoxy sequencing as described previously (21) .
DNA manipulation and conjugation techniques. Largescale plasmid DNA was prepared from chloramphenicolamplified Triton X-100 lysates of E. coli followed by two successive equilibrium CsCl gradients (21) . Small-scale plasmid preparations were performed by the alkaline sodium dodecyl sulfate lysis method (24) . Preparation of bulk R. sphaeroides genomic DNA was as previously described (30) . Treating DNA with restriction enzymes and other nucleic acid-modifying enzymes was done according to the specifications of the manufacturers. DNA fragments were analyzed on agarose or polyacrylamide gels, and restriction fragments were isolated from the gels as previously described (9) .
Genomic Southern blots (2 pug of DNA per lane) were performed by using capillary transfer to nitrocellulose sheets with nick-translated DNA probes under stringent conditions (13) .
Construction of mutant strains. A 705-base-pair (bp) StuIApaI restriction endonuclease fragment was removed from pUI601 (21) , and the linear plasmid DNA was blunt ended with the T4 DNA polymerase (24) . A 1.5-kb HinclI restriction endonuclease fragment containing a Knr cartridge from pRME 1 (16) (35) , which serves as a suicide vector in R. sphaeroides (8) . The resulting plasmid, pPSUPPST::Kn(AStuI-ApaI), was transformed into E. coli S17-1 and mobilized into R. sphaeroides 2.4.1, and a Knr Tcs double crossover was isolated as previously described (8) . The resulting mutant strain was designated PUC705-BA.
A second mutant strain, R. sphaeroides PUC-Pv, containing an interruption downstream ofpucBA was also constructed. A PvuII restriction site downstream of the puc structural genes was interrupted with the same Knr gene through homologous recombination. The 2.5-kb PstI restriction endonuclease fragment of pUI601 (21) was excised by treatment with HindIII and HincIl restriction endonucleases in the multiple cloning regions flanking the 2.5-kb PstI DNA of pUI601. This fragment was cloned into the 2.3-kb HindIllPvuII restriction endonuclease fragment derived from pBR322 which contains the ori site and bla gene. The resulting plasmid, pBRPUC1(4.9 kb), contains a unique PvuII restriction site within the 2.5-kb PstI restriction endonuclease fragment containing the puc structural genes. The PvuII site which was located on pBR322 was lost during the above cloning. pBRPUC1 was linearized by treatment with PvuII endonuclease and ligated to a HinclI fragment containing the Knr gene (16) to generate plasmid pBRPUC1:: Kn(PvuII). The orientation of the Knr gene on the plasmid was confirmed by restriction endonuclease digestion and found to be opposite the transcriptional direction of pucBA. The 4.0-kb PstI fragment (the 2.5-kb PstI fragment together with the 1.5-kb HinclI fragment containing the Knr gene) of pBRPUC1::Kn(PvuII) was moved to the PstI site in the bla gene of pSUP202 to form plasmid pSUPPUC::Kn(PvuII), which was finally mobilized into R. sphaeroides 2.4.1 as described above, and recombinant clones were isolated.
Plasmid pRK415 (20)-derived plasmids were also mobilized into R. sphaeroides by the procedures previously described (8) .
RNA isolation and Northern (RNA) blot hybridization.
Isolation of total RNA from R. sphaeroides, its quantitation, conditions for Northern blot hybridization analysis with 32P-labeled RNA probes, and the quantitation of transcript signals after hybridization were as previously reported (9) except that quantitative RNA transfer from agarose gels to Nytran (Schleicher & Schuell, Inc., Keene, N.H.) was done by using a homemade vacuum transfer device. The transfer was performed with 1Ox SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) as transfer buffer for 1.5 to 2 h under a pressure of 25 in. (63.5 cm) of Hg.
Si nuclease protection analysis. Si nuclease protection analysis was performed essentially as described by Berck and Sharp (2) and as modified by Favaloro et al. (14) . The DNA used for the preparation of DNA templates to be analyzed comprised a series of specific subclones derived from plasmid pUI601 or pUI602 (Table 1) in the plasmid pUC18, pUC19, or pBS. The plasmids containing appropriate restriction endonuclease fragments of puc DNA (10 to 20 ,ug) were first cut with a restriction endonuclease to generate either a single 5' overhang or a 3' recessive end on the insert DNA of the plasmid. For 5' end analysis of the puc transcripts, the 5' end of the restrittion endonuclease fragment was dephosphorylated with bacterial alkaline phosphatase followed by labeling with [_y-32P]ATP and T4 polynucleotide kinase (27 14) . The RNA probes a through g were generated in vitro from pUI622, pUI623, pUI624, pUI626, pUI627, pUI628, and pUI629, respectively, as described in Materials and Methods. A shorter exposure of lanes 5 and 6 to show the 0.5-and 1.3-kb transcripts is provided in the insert.
were as previously described. Protein was determined by a modified Lowry method with bovine serum albumin as the standard (25 
RESULTS
Analysis of puc operon transcription. In order to identify the transcriptional activities associated with the puc operon region of R. sphaeroides, Northern (RNA) hybridization analysis was performed with seven separate strand-specific RNA probes (Fig. 1A , probes a to g) which spanned a 2.5-kb region of the DNA including the puc structural genes, pucB and pucA. RNA was isolated from steady-state R. sphaeroides 2.4.1 (50 Klett units) grown either chemoheterotrophically or photoheterotrophically at 10 W/m2. In no instance was an RNA transcript detected from the DNA strand opposite to that shown in Fig. 1 (data not shown).
(i) Analysis of the region upstream of the puc operon. Probe a (Fig. 1 , probe a, lanes 1 and 2) detected a very weak hybridization signal of approximately 250 nt only with RNA derived from photosynthetically grown cells. No transcript was detected with the adjacent downstream probe b (Fig. 1 , probe b, lanes 3 and 4). Therefore the 3' end of the 250-nt transcript should lie somewhere between the PstI and BamHI restriction sites. The nature of this RNA and its relation to puc operon expression is not known.
(ii) Hybridization with pucBA. The RNA probe corresponding to an XmaIII restriction endonuclease fragment extending from 211 nt upstream of pucB to the third base of the second from the last amino acid of pucA showed, in addition to the previously described 0.5-kb transcript, a 1.3-and a very low-abundance 2.3-kb transcript in RNA derived from photoheterotrophically grown cells (Fig. 1B, lane 6 ). The insert is a less exposed representation of Fig. 1B , lanes 5 and 6. The same probe revealed trace amounts of the 2.3-kb transcript in RNA derived from aerobically grown cells after prolonged exposure of the X-ray film (data not shown). Previously, we detected only the 0.5-kb pucBAspecific transcript due to the very large differences in the abundance of these transcripts (21) . The use of Nytran as a blotting membrane with a higher capacity to bind RNA, the use of highly labeled strand-specific RNA probes, and prolonged exposure of the film increased the detectability of these additional transcripts. Radioactivity determinations from excised portions of the blot corresponding to the puc-specific transcripts revealed that, during aerobic growth, the 0.5-kb transcript was present at 1% of the amount present during steady-state photosynthetic (10 W/ m2) growth. The 2.3-and 1.3-kb transcripts were 0.5 and 2.5%, respectively, of the amount of the 0.5-kb transcript derived from these same photosynthetic cells. Thus, a second low-abundance 2.3-kb transcript was shown to be derived from the puc operon.
(iii) The 1.3-kb transcript is not derived from the puc operon. The 1.3-kb transcript did not hybridize to RNA probes d (Fig. 1B , lanes 7 and 8), e (Fig. 1B, lanes 9 and 10), or f (Fig. 1B, lanes 11 and 12) . If the 1.3-kb transcript was derived from the puc operon, it should have been detected with probes d, e, and f in addition to probe c encompassing pucBA since it was not detected with either probe a or b which extend upstream of probe c. It is likely that the 1.3-kb transcript represents a heterologous hybridization signal detectable with probe c and is probably derived from a heterologous region of the R. sphaeroides genomic DNA which was previously observed when the DNA fragment containing the puc structural genes was cloned (21) .
(iv) Analysis of the 2.3-kb transcript. RNA probes d, e, f, and g (Fig. 1B, lanes 8 , 10, 12, and 14) as well as probe c (Fig. 1B, lane 6) , detected the 2.3-kb transcript and, therefore, this transcript overlaps the transcript derived from the puc structural genes. The half-life (t1/2) of the 2.3-kb pucspecific transcript was determined to be less than 5 min under photoheterotrophic growth conditions (data not shown), in contrast to the 0.5-kb pucBA-specific transcript (t112 of 20.5 min [21] ) under the same growth conditions. The size of the 2.3-kb transcript suggests that it must extend through the PstI restriction site contained within probe g pucB pucA
2. DNA templates used in the S1 protection analysis for the determination of endpoints of the 0.5-kb pucBA-specific transcript. DNA templates a to d were used for the 5' end analysis, while DNA templates e to g were used for the 3' end analysis of the transcript. DNA templates a through g were generated from pUI613, pUI612, pUI620, pUI621, pUI614, pUI612, and pUI616, respectively.
( Fig. 1B Maxam and Gilbert sequence ladder. The samples on panel h were subjected to electrophoresis on a 6% polyacrylamide-8.3 M urea gel. The DNA sequence of the coding strand is illustrated on the right with the 0.5-kb pucBA-specific transcript; termination sites are highlighted with arrows.
the XmaIII restriction site. Extended exposure of the gel (data not shown) did not reveal any additional Si-protected fragments. This indicated that there is only one major transcription initiation site for both the 0.5-and the 2.3-kb puc transcripts. To confirm these results, we used DNA template b (Fig. 2) which extends from the StyI restriction site in pucA to the BamHI restriction site 680 nt upstream to the start of pucB. This DNA template generated only one, 420-nt Si-protected fragment, indicating the same 5' endpoint for the puc transcript as did DNA template a (Fig. 3b,  lane 5) . The use of DNA templates c and d (Fig. 2 ) yielded results consistent with those obtained with templates a and b (Fig. 3c, lane 5) . In fact, DNA template d has its 3' end on the coding strand, generated from a BstNI site, localized about 40 nt downstream of the 5' end of the puc transcript, which yielded one major Si-protected fragment of 140 nt as expected (Fig. 3d, lane 5) . Therefore, all four DNA templates indicated that the 5' endpoint of the puc-specific transcript was localized approximately 120 nt upstream of the start of the pucB gene.
To precisely locate the 5' end of the puc-specific transcripts, reverse transcriptase and the primer ACTTTGT TCAGATCGTC, specific for the puc operon (21), representing the coding strand from the first base of the third amino acid to the second base of the eighth amino acid (21) encoded by pucB, were used. Total RNA from R. sphaeroides 2.4.1 and PUC705-BA (pucBA structural gene deletion [see Materials and Methods]) grown photoheterotrophically at 100 W/m2 was employed. Only one major primer-extended product of approximately 140 nt was observed by using the total RNA derived from R. sphaeroides 2.4.1 (Fig. 4, lane 2) . As expected, RNA from PUC705-BA did not show any primerextended product (Fig. 4, lane 3) , a fact that was also true for the primer itself without any RNA (Fig. 4, lane 1) . In order to determine the precise 5' endpoint of the puc-specific transcript, dideoxy-sequencing reactions with the same 32p_ labeled primer were performed in parallel. The sequence shown in Fig. 4 represents the coding strand, so the 5' end of the puc-specific transcript is C on the transcript, and it was localized precisely 117 nt upstream of the start codon of pucB. No additional primer-extended product was observed even after extended exposure (data not shown). Identical results were obtained by using cells grown photoheterotrophically at 10 W/m2 (data not shown). The fact that only a single endpoint was observed provides strong evidence that the 0.5-and 2.3-kb transcripts share the same start site and that this start site is independent of light intensity.
(ii) Determination of 3' endpoint. Three DNA templates (e, f, and g; Fig. 2 ) were employed. DNA template e yielded two major 51-protected fragments (Fig. 3e, The 51-protected fragments generated by using DNA template e (Fig. 3h, lane 1) were analyzed alongside a sequence ladder (described by Maxam and Gilbert [27] ) of the same DNA template (Fig. 3h) . With the known DNA sequence of this region (21) , the 3' termini of the 0.5-kb puc transcripts were mapped at two uridines on the transcript, localized 49 and 50 nt downstream of the pucA stop codon. Pleiotropic effects of pucBA-downstream DNA on B800-850 complex formation. Since an analysis of the RNA transcripts derived from the puc operon revealed more than a single mRNA species derived from DNA sequences downstream of the puc operon, we turned to a genetic approach to define the significance of this region on B800-850 complex formation.
(i) DNA analysis of mutant strains. Two mutant strains, PUC705-BA and PUC-Pv (Fig. 5) Fig. 5 (a) (Fig. 6) . Probing with the Stul-Apal restriction endonuclease fragments (Fig. 6a, lanes 4 to 6) (Fig. 6,. a and b, lanes 3 and 6 ). An XhoI-PvuII (1.1-kb) probe encompassing the puc structural genes identified the same size 2.5-kb Pstl restriction endonuclease fragment. (Fig. 6b, lanes 1 to 3) (Fig. 6b, lane 6) . The HinclI restriction endonuclease fragment from the Knr cartridge detected no hybridization signal after hybridization to wildtype 2.4.1 genomic DNA (Fig. 6c, lanes 1-3) . Lane 4 of Fig.  6c showed the same size (3.3-kb) hybridization signal as in Fig. 6b, (Fig. 6d, lane 4) . From these results, we can conclude that the 705-bp StuI-ApaI restriction endonuclease fragment containing the puc structural genes was replaced by the Knr gene through homologous recombination.
To address the question of the apparent importance of the downstream region on pucBA expression, a second mutant strain containing an interruption downstream of pucBA was constructed (Fig. 5) Half of the Knr Tcr exconjugants showed wild-type colony pigmentation, while the other half of the KnT Tcr exconjugants possessed a pale colony pigmentation as observed for the KnF Tc' exconjugants, which is consistent with the amount of upstream and downstream R. sphaeroides DNA in the vector. Those Knr TcF exconjugants which showed normal coloration also showed normal levels of the B800-850 complex (spectrum 1), while the pale exconjugants which were Knr Tcr showed no B800-850 complexes (spectrum 2), similar to the Knr Tcs exconjugants (described below) (Fig.  7) . Depending on the site of recombination which generated the Knr Tcr exconjugants, two different arrangements of the pSUPPUC::Kn(PvuII) in the R. sphaeroides 2.4.1 chromo-J. BACTERIOL. some were possible (Fig. 7A, spectra 1 and 2) . If the plasmid is inserted into the chromosome upstream of the Knr gene, the resulting arrangement on the chromosome will be like that shown in Fig. 7A , spectrum 1. On the other hand, if the region downstream of the Knr gene is involved in the recombination, the arrangement of the plasmid on the chromosome should look like that shown in Fig. 7A , spectrum 2. The possible insertional arrangements were analyzed by genomic Southern hybridiz#tiqn analysis (data not shown), and the results were found to be consistent with the interpretation shown in Fig. 7A .
The genomic Southern hybridization analysis ( Fig. 6 ) with PUC-Pv demonstrated that the size of the 2.5-kb PstI fragment corresponding to the puc operon region of the chromosome increased to 4.0 kb due to the insertion of the Knr gene at the PvuII restriction site (Fig. 6, a, b , and c, lanes 7). Since a HindIII restriction site is located within the Knr gene at about 915 bp downstream of the HincII site lost in cloning (Fig. 5) , digestion of the PUC-Pv genomic DNA with PstI and Hindlll endonucleases showed one hybridization band of 1.9 kb with probes StuI-ApaI and XhoI-PvuII (Fig. 6, a and b, lanes 8) . The HinclI probe from the Knr cartridge defected two hybridization signals of 1.9 and 2.1 kb in the PstI-HindIII endonuclease digestions (Fig. 6c, lane 8) , implying that the Knr gene is inserted at the PvuII restriction site on the chromosome of PUC-Pv in the direction opposite to the transcriptional direction of the puc operon exactly as constructed on the suicide plasmid, pSUPPUC::Kn(PvuII). Lanes 9 of Fig. 6 (a and b) show a 1.3-kb PstI-EcoRI restriction endonuclease fragment located upstream of the inserted Knr gene, since an EcoRI restriction site is present within the multiple cloning region at the end of the Knr cartridge. Lane 9 (Fig. 6c ) reveals an EcoRI restriction fragment from the PUC-Pv genomic DNA probed with a HincIl fragment derived from the Knr gene, confirming the presence of the 1.5-kb Knr gene on the chromosome. Finally, plasmid pSUP202 was used as a probe (Fig. 6d, lane 7) and showed no hybridization signal, implying that the Knr gene was inserted at the PvuII site by a double reciprocal crossover event.
Additional examination of the genomic Southern hybridizations for PUC705-BA and PUC-Pv revealed the presence of the heterologous signal unrelated to the puc structural genes as seen in the case of the wild-type 2.4.1, indicating that this region of the DNA in the two mutant strains was not affected by insertion of the Knr gene into the chromosome.
(ii) (Fig. 8A, spectrum 3) . In this mutant, the DNA downstream of pucBA was interrupted. Thus, these data strongly support the premise that interruption of the DNA downstream of pucBA results in a B800-850-phenotype and that the DNA upstream ofpucBA to the PstI site is sufficient, in a cis configuration, to direct the formation of the B800-850 complex.
B800-850 complex
Abortive complementation of PUC705-BA. A 2.5-kb PstI restriction endonuclease fragment containing the puc structural genes was cloned into the PstI site of vector pRK415 (20) . The transcriptional direction of pucBA is the same as that of the lac promoter in pRKRP1, while it is in the opposite orientation in pRKLP1. The plasmids were introduced and maintained in R. sphaeroides PUC705-BA as previously described (8) . All of the Knr Tcr exconjugants exhibited similar colony pigmentation (pale) as observed for the original PUC705-BA when grown under chemoheterotrophic conditions. Several exconjugants carrying each of the plasmids were selected randomly and examined for the restoration of B800-850 complex formation after photohet- erotrophic growth at 100 W/m2. In no case was the B8O-850 complex present (data not shown, but identical to FiE. 8A, spectrum 2). This is readily explained from the Northern blot analyses of puc operon expression of these strains with an RNA probe corresponding to probe c in Fig. 1 . Figure 9 (lanes 2 and 3) reveals that the 0.5-kb pucBA-specific transcript has been restored to each of these strains, PUC705-BA(pRKLP1) and PUC705-BA(pRKRP1), respectively, although at approximately 25% the level of that of wild type (Fig. 9, lane 5) . However, no 2.3-kb puc-specific transcript was present in either strain.
Because the identical results were observed by using the 2.5-kb PstI fragment in either orientation relative to the lac promoter of pRK415, we have tentatively concluded that no additional upstream DNA was required to effect puc operon expression. We also tentatively concluded that DNA sequences downstream of pucBA are essential for the expression of B800-850 complex formation. Wild-type 2.4.1 (Fig. 9 , lane 5) shows three discrete hybridization signals depicting the 2.3-, 1.3-and 0.5-kb transcripts. As we pointed out earlier, the 1.3-kb transcript represents a heterologous signal of, as yet, indeterminate origin, although we believe we have identified the DNA region responsible. It is, however, interesting that the level of the 1.3-kb transcript in PUC705-BA (Fig. 9, lane 4) was reduced to approximately 10% of that present in wild type. PUC705-BA did not show either of the 0.5-or 2.3-kb transcripts (Fig. 9 , lane 4 and insertion showing a reduced exposure for lane 4 and 5), indicating that these two transcripts are pucBA specific. However, the heterologous 1.3-kb transcript in both PUC705-BA (pRKLP1) and PUC705-BA(pRKRP1) (lanes 2 and 3, respectively) increased to the level present in wild type. Thus, we must conclude that although the 1.3-kb transcript is heterologous, i.e., unrelated to pucBA, its expression bears some relationship to the function of the pucBA region of the DNA. Furthermore, we conclude that the absence of the 2.3-kb puc-specific transcript in the above two complementing puc OPERON EXPRESSION IN R. SPHAEROIDES 3401 strains can be directly related to the failure to restore the B800-850 complex in these strains.
Abortive complementation of PUC-Pv. pRKRP1 containing the 2.5-kb PstI restriction fragment from the wild type was mobilized into PUC-Pv and PUC-Pv(pRKRP1) was selected as Knr Tcr exconjugants and grown photoheterotrophically at 100 W/m2. Spectral assay showed no B800-850 complexes (data not shown, but identical to Fig. 8A, spectrum 3) . This result was consistent with the earlier suggestion that the lack of B800-850 expression in PUC705-BA(pRKLP1 or pRKRP1) was due to a polarity effect resulting from the insertion of the Knr gene into the pucBA region of the DNA. To confirm our earlier premise that the expression of 2.3-kb puc-specific transcript is essential for the formation of the B800-850 complex, the puc-specific transcripts from PUC-Pv were analyzed by Northern blot hybridization. PUC-Pv showed no 2.3-kb puc-specific transcript but showed ample (at least 80% relative to wild type) 0.5-kb pucBA-specific transcript together with the heterologous 1.3-kb transcript (Fig. 9, lane 1) . The absence of the 2.3-kb puc-specific transcript in PUC-Pv is due to interruption of the puc operon 210 bp downstream from the end of the 0.5-kb pucBAspecific transcript and must be related to the B800-850-phenotype of this strain. The presence of the 0.5-kb pucBAspecific transcript in PUC-Pv excluded the possibility that the small, 0.5-kb transcript was derived from the larger, 2.3-kb transcript after posttranscriptional processing. The presence, at near normal levels, of the heterologous 1.3-kb transcript in PUC-Pv further confirmed that it is not derived from this region of the DNA because it was not interrupted by the insertion of the Knr gene in PUC-Pv. As stated earlier, we have found the presence of the 120-nt RNA in PUC-Pv as well as PUC705-BA with RNA probe fin Fig. 1A  (Fig. 1B, lanes 11 and 12) . However, the other transcripts downstream to pucBA have not yet been analyzed in these strains. Finally, these results further suggest the existence of a promoter downstream of the PvuII site.
Are gene products produced in the B800-850 mutant strains? Since PUC-Pv showed no detectable B800-850 complexes under photoheterotrophic growth conditions despite the presence of the 0.5-kb pucBA-specific transcript (Fig. 9,  lane 1) , the possibility is raised that the polypeptides which comprise the B800-850 complex are synthesized but remain unassembled as we have shown for the B875 complex (9, 23) . Therefore, the presence of the B800-850-, polypeptide in PUC-Pv was examined by Western immunoblot analysis with antibody specific for the e polypeptide, designated 15B (6, 7, 23) . At the same time, the presence of another polypeptide, 15A (6, 7, 23) , was also investigated in PUC-Pv as well as in PUC705-BA because the presence or absence of polypeptide 15A, although of unknown function, correlates with a B800-850+ phenotype, compared with the wild type (23) . Polypeptide 15A was previously purified and characterized by Cohen and Kaplan (6, 7) . Both polypeptides 15B and 15A were detected antigenically in the membranes derived from wild-type 2.4.1 (Fig. 10) . As expected, the B800-850-mutant, RS104 (23) , showed the absence of both polypeptides. PUC705-BA, which has a deletion of the 705-bp StuI-ApaI fragment containing the pucB and pucA genes, did not show any polypeptide cross-reacting with either the 15B-or 15A-specific antibody and is in keeping with the absence of any puc-specific transcripts. Neither 15B nor 15A was detected in the membranes or soluble fractions derived from PUC-Pv, despite the presence of the 0.5-kb pucBA transcript. Thus, the region downstream of pucBA is essential to expression of the pucBA-specific transcript. shown that these polypeptides are not found in membrane fractions from RS104 (23) .
The effect of mutations in the puc operon on expression of the puf and puhA operons. Although PUC705-BA and PUCPv showed a B800-850-phenotype (Fig. 8A , spectra 2 and 3), both of these strains are still competent for photoheterotrophic growth, implying the presence of a functional, fixed photosynthetic unit, within the ICM of the two mutant strains. However, photosynthetic competence of the two mutant strains does not necessarily imply that the expression of either the puhA or pufoperon in each of the mutant strains is regulated as in the wild-type genetic background. Therefore, we examined the effects of the mutations in PUC705-BA and PUC-Pv on the expression of both puf and puhA operons. Specific RNA probes corresponding to the pufRA and puhA structural genes (StyI fragment of puJBA genes [9] and SphI-XhoI internal fragment of puhA gene [11] ) were used for Northern blot hybridization analysis. RNA derived from PUC-Pv showed about the same level of pufBA-specific transcript as in wild type (Fig. 11, lanes 3 and 1, 3) and puhA-specific transcripts (lanes 4 to 6) with RNA from wild-type 2.4.1 (lanes 1 and 4) , PUC705-BA (lanes 2 and 5), and PUC-Pv (lanes 3 and 6), which were grown photoheterotrophically at 100 W/m2. The RNA probes are derived from the StyI fragment of pufBA (9) and the SphI-XhoI fragment of puhA (11).
we investigated a X (XL47.1) library of R. sphaeroides genomic DNA by Southern hybridization analysis in order to obtain additional DNA sequences flanking the 2.5-kb PstI fragment. Nine phages which showed hybridization to the probe containing the 2.5-kb PstI restriction endonuclease fragment were plaque purified out of 10,000 plaques screened (P. J. Kiley, Ph.D dissertation, University of Illinois at Urbana-Champaign, Urbana, Ill., 1987). Phage 8a (Kiley, Ph.D dissertation) was selected for further analysis because it contained the entire 2.5-kb PstI fragment within a 10.5-kb EcoRI restriction endonuclease fragment derived from the phage. The 10.5-kb EcoRI restriction endonuclease fragment was cloned into the EcoRI restriction site of pRK415 to form plasmid pRKE105. The plasmid was mobilized into PUC705-BA as well as into PUC-Pv. The phenotypes of the B800-850-mutants were complemented in trans with the 10.5-kb EcoRI restriction endonuclease fragment and showed restoration of the B800-850 complex to wildtype levels (Fig. 8B) . In addition, the absorption spectrum obtained with crude lysates of PUC-Pv(PRKE105) (Fig. 8B , spectrum 2) showed two prominent peaks at approximately 680 and 410 nm, which are also found in the absorption spectrum shown in Fig. 7B , spectrum 2. The compounds responsible for the increased absorption at 410 and 680 nm have not yet been investigated, but they could represent intermediates in porphyrin ring biosynthesis which are involved in the synthesis-assembly of the B800-850 complex.
DISCUSSION
Previously (21), we had demonstrated that the cellular level of the 0.5-kb pucBA-specific transcript was both 02 and light regulated, increasing approximately three-and fourfold under photoheterotrophic conditions of 10 and 3 W/m2, respectively, compared with growth at 100 W/m2. In this study of the transcription of the puc operon with strandspecific RNA probes, we confirmed the previous observations (data not shown) and were further able to detect a second puc-specific transcript, 2.3 kb in size. The 5' portion of the 2.3-kb puc transcript appears to be identical to the 0.5-kb pucBA-specific transcript as determined by Northern blot hybridization, S1 protection, and primer extension analysis, while the 3' end of the 2.3-kb puc transcript extends approximately 1.8 kb downstream from the 3' end of the 0.5-kb pucBA transcript. An additional number (4 to 5) of RNA species were also detected with RNA probes specific to the region downstream ofpucBA, including a small, stable 120-nt RNA. Whether these are primary transcripts or products of the decay of the 2.3-kb transcript remains to be determined although those RNAs encoded by DNA sequences 3' to the PvuII site would appear to have their own promoter. Unlike the 0.5-kb transcript whose t1/2 is 20.5 min whether grown aerobically or photosynthetically, the t1/2 of the 2.3-kb transcript is under 5 min. Thus, regulation of the puc operon in either aerobic or photosynthetic growing cells is transcriptional, regardless also of light intensity. The 120-nt RNA is unique in its abundance under both photoheterotrophic and chemoheterotrophic growth conditions and may reflect its long half-life (tl/2, 90 min). Although this small RNA may possess no biological significance, other observations recently made in our laboratory suggest differently. A second, different 120-nt RNA was derived from the region immediately downstream of the pufoperon. This RNA has a t1/2 of 120 min and is present in large quantities only under photoheterotrophic growth (J. Lee, B. DeHoff, and S. Kaplan, manuscript in preparation). The function(s) of these small, stable RNAs and their possible relationship to the expression of the puc and puf operons are currently under study.
Unlike our results of one 5' and two 3' ends of the 0.5-kb pucBA-specific transcript, the termini of the 0.5-kb puc transcript in R. capsulatus (43) were reported to be two 5' and one 3' endpoints which were, however, not located to a specific nucleotide(s) but localized approximately 125 and 110 nt upstream of the start of pucB and approximately 25 nt downstream of the end of pucA, respectively.
As expected, a strain containing a deletion of the pucBA structural genes is able to grow photoheterotrophically and is B800-850-. The inability of the 2.5-kb PstI fragment present on both pRKLP1 and pRKRP1 to restore B800-850 complex formation in trans in PUC705-BA suggests at least three possibilities: additional DNA upstream, downstream, or both, of the puc structural genes was required in order to compensate for the polar effect created by the Knr gene on downstream gene expression. The fact that the 2.5-kb PstI fragment, when employed in either orientation relative to the lac promoter of pRK415, gave rise to the 0.5-kb puc-specific transcript, whose level is effected by the incident light intensity, strongly suggests that the promoter for the puc operon is present. Further proof that it is the downstream region which was crucial to puc operon expression was addressed by the construction of mutant strain PUC-Pv, which has an interrupted downstream region at the PvuII restriction site. If additional DNA upstream of the puc structural gene was required in cis to restore B800-850 complex formation in PUC705-BA with pRKLP1 or pRKRP1 in trans, then PUC-Pv should have shown B800-850 complexes. However, the absence in PUC-Pv of any B800-850 complexes directly confirmed the essentiality of downstream DNA sequences on B800-850 expression and supports the interpretation that the Knr gene is polar in PUC705-BA.
These results convincingly demonstrate that gene product(s) encoded by the region downstream of the puc operon residing on the 2.3-kb puc transcript is important for the formation of B800-850 complexes. We would also have to conclude that the approximate 250-bp region between XmaIII and PvuII contains essential information for B800-850 formation (Fig. 1, lanes 7 to 14) . In addition, two J. BACTERIOL. different odd-numbered crossovers generated during the construction of both PUC705-BA and PUC-Pv support the above interpretation, and thus we have also localized the regulatory region cis to the puc operon to be within 746 bp upstream of the pucB structural gene. Previously (21) , from studies of pucB and pucA gene expression in an R. sphaeroides-coupled transcription-translation system using a variety of plasmid derivatives as templates, Kiley and Kaplan (21) suggested the presence of the promoter for the puc operon to be within the 211 bp upstream (XmaIII restriction site) of the pucB gene, although higher levels of expression were observed with the 2.5-kb PstI fragment.
The polarity of the Knr gene on downstream DNA sequences was confirmed by Northern blot hybridization analysis of puc operon expression in PUC-Pv and PUC705-BA as well as in PUC705-BA containing pRKLP1 or pRKRP1 in trans. These data clearly support the conclusion that the 2.3-kb transcript is essential for the expression of the 0.5-kb transcript and, thus, B800-850 complex formation. What the precise role(s) of these downstream coding sequences is in puc operon expression is not known, but the fact that no B800-850-P polypeptide was detected in the membrane fractions from PUC-Pv, although the strain continued to express the 0.5-kb pucBA-specific transcript in amounts comparable to that of wild-type 2.4.1, indicates a potential translational involvement. It is also possible that the 0.5-kb pucBA-specific transcript in PUC-Pv is translated but that one or both of the translated polypeptides are turned over very rapidly due to their instability caused by the absence of gene product(s) encoded by the puc downstream region. The accumulation, in the downstream mutant strain, of pigments (presumably bacteriochlorophyll precursors) offers the possibility that products in porphyrin ring biosynthesis are required for B800-850 complex synthesis, assembly, or both. It is this coupling which has long been suspected. It is likely, however, that more than one gene product is encoded by the 1.8 kb of DNA downstream to pucBA. Youvan et al. previously (41) reported two mutant strains defective in puc operon expression in R. capsulatus which have either a deletion of the pucBA genes or an interruption of the pucA gene with a spectinomycin resistance gene cartridge. Both strains were B800-850-and were shown to be complemented in trans with a 5.75-kb EcoRI fragment containing approximately 1.9 kb of upstream and 3.4 kb of downstream DNA sequences relative to the pucBA genes. The minimum size of the DNA which could complement the two mutant strains, however, was not narrowed further.
Mutant RS104 (B800-850-, carotenoid-) was also found not to possess any , polypeptide as reported previously (23) . Northern blot hybridization analysis of RNA derived from RS104 and its corresponding wild type, RS2, with RNA probes corresponding to the R. sphaeroides 2.4.1 pucBA structural genes indicated the presence of the 0.5-and 2.2-kb (slightly smaller than 2.3-kb puc transcript of R. sphaeroides 2.4.1) transcripts, as well as a 1.3-kb transcript which could be analogous to the heterologous signal observed in R. sphaeroides 2.4.1. RS104 had all three transcripts at about 40 to 50% of the level of each of the three transcripts in RS2 under photoheterotrophic growth conditions (data not shown). Although the precise location of the mutational site(s) in RS104 (generated from RS2 by chemical mutagenesis) remains unknown, the fact that we cannot restore B800-850 complex formation to RS104 with an intact pucBA structural gene region in trans supports the idea that the lesion in RS104 is located in the downstream region (data not shown).
Previously (23) , it was shown that polypeptide 15A was either greatly reduced or lacking in all B800-850 mutants. L37 is B800-850-Car' and contains a small amount of the 15A polypeptide (Kiley, Ph.D dissertation). RS104 is B800-850-and has no 15A polypeptide (23) . Two B800-850 mutant strains, PUC705-BA and PUC-Pv, produced in this work did not show any 15A polypeptide. One likely possibility is that polypeptide 15A is encoded within the region downstream of pucBA on the 2.3-kb puc transcript. Chory et al. (4) previously showed that polypeptide 15A is not present in R. sphaeroides 2.4.1 grown chemoheterotrophically and that the polypeptide is accumulated in membranes after or during B800-850 complex formation after a shift from chemoheterotrophic growth to strict anaerobic photoheterotrophic growth conditions. From these results, it was suggested that polypeptide 15A was not required for B800-850 spectral activity (23) .
In addition, i5A-specific antibody does not cross-react with purified B875 or B800-850 complexes (23), although polypeptide 15A was initially isolated from photosynthetic membranes because of its abundance (6, 7) . Previous analysis (7) in this laboratory indicates that polypeptide 15A is rich in both proline and methionine and is composed of 65% hydrophobic and neutral amino acids, suggestive of an intrinsic membrane protein. Although we have no firm measure of its abundance, it appears to be less than 10% of the level of the B800-850 complex. In R. capsulatus (15, 33), a third polypeptide (molecular mass, 12 to 14 kilodaltons) was reported to be present in the purified B800-850 fraction, although it was not associated with Bchl or carotenoid nor was it necessary for spectral activity. The function of the polypeptide in R. capsulatus and its relation to polypeptide 15A in R. sphaeroides are, as yet, unknown. However, in R. sphaeroides, mutation of the region downstream of pucBA appears to be correlated with grossly abnormal ICM, when such ICM is produced (23; Varga and Kaplan, unpublished results).
Mutant strains PUFB1 (8) and PUHAl (36) , which are defective in the formation of a functional photosynthetic unit, showed pleiotropic changes in their abundance of B800-850 complexes during growth in the dark on glucosedimethyl sulfoxide medium. PUFB1 has levels of B800-850 complex less than 5% relative to those of wild-type 2.4.1, while PUHAl has an approximate 1.5-fold derepression in the level of B800-850 complexes compared with that of wild-type 2.4.1. Under the same growth conditions, however, both of these strains showed three-to fourfold derepressed levels of the 0.5-kb pucBA transcript, compared with wild-type 2.4.1 (8, 36) . Although further understanding of the underlying regulatory mechanism(s) relating to B800-850 complex formation in the above genetic backgrounds awaits the accumulation of more data, the results strongly indicate that the level of the 0.5-kb pucBA-specific transcript is not the sole factor in determining the cellular level of the B800-850 complex within the photosynthetic membrane. Rather, posttranscriptional control mechanisms, such as translation of the pucBA transcript, stability of the B800-850-1 and -a polypeptides, and assembly into the mature B800-850 complexes, are doubtlessly important factors which modulate the ultimate cellular level of the B800-850 complex. From the data presented here, we have observed reduced levels of both the puf-and puhA-specific transcripts in PUC705-BA and reduced levels of the puhA transcript in PUC-Pv, compared with their corresponding levels in wildtype 2.4.1. Thus, we must suggest additional regulatory interactions or cross-talk between the three operons, puf, puhA, and puc, at the transcriptional level. Whether these regulatory interactions involve changes in transcription initiation, mRNA half-life or both remains to be determined.
Finally, it is evident that the DNA sequence of the puc downstream region and a molecular genetic analysis of the encoded gene product(s) should provide us with a clear insight into the regulatory mechanism(s) involved in the posttranscriptional formation of the B800-850 complex.
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